Prion diseases are a group of infectious neurodegenerative diseases with an entirely novel mechanism of transmission, involving a protein-only infectious agent that propagates the disease by transmitting protein conformational changes. The disease results from extensive and progressive brain degeneration. The molecular mechanisms involved in neurodegeneration are not entirely known but involve multiple processes operating simultaneously and synergistically in the brain, including spongiform degeneration, synaptic alterations, brain inflammation, neuronal death and the accumulation of protein aggregates. Here, we review the pathways implicated in prioninduced brain damage and put the pieces together into a possible model of neurodegeneration in prion disorders. A more comprehensive understanding of the molecular basis of brain degeneration is essential to develop a much needed therapy for these devastating diseases.
The diseases can originate sporadically, by transmission, or by inheritance. Although sporadic disease is the most common in humans, the transmissible form has attracted the most attention. The diseases can be transmitted within and between species by several mechanisms, including ingestion, iatrogenic transmission and blood transfusion [2] . The possibility for spreading through environmental exposure cannot be discounted, because the infectious agent (called a prion) persists in the environment for many years [3] .
The unorthodox nature of the infectious agent has been the most investigated aspect of prion diseases [4] . Prions appear to be composed exclusively of a protein (Box 1), which is a conformational isoform of the cellular prion protein (PrP C ) that is expressed predominantly in the brain and lymphatic tissues [2] . PrP Sc refers to the misfolded infectious form that differs from PrP C because it has a higher content of β-sheet structure and it aggregates to form medium and large size polymers. The conversion of PrP C into PrP Sc is the main event in prion disease (Box 1) [2, 4] ; however, the mechanism by which this process results in brain damage and disease is largely unknown.
Box 1

Prions: the protein-only infectious agents that transmit disease
The prion or protein-only hypothesis proposes that the sole component of the infectious agent in TSEs is a misfolded version of the prion protein (PrP Sc ), which replicates by converting the normally-folded host-associated cellular prion protein (PrP C ) into the misfolded form [2] . Compelling data have established that PrP Sc is indeed the basic element of the infectious agent [2, 109] .
The infectious agent is too small to be a bacteria or virus Infectivity is not removed by treatments that destroy nucleic acids
Injection of highly pure PrP Sc induces prion disease in animals
Infectivity is proportional to the concentration of PrP Sc In general, PrP Sc is detectable only in individuals affected by the disease All inherited cases of prion disease are associated with mutations in the PrP gene Transgenic animals overexpressing the mutant PrP gene develop neurologic dysfunction, spongiform brain degeneration and symptoms that mimic those seen in scrapie infected animals PrP knockout mice are resistant to prion infection PrP Sc self-propagates in vitro by inducing the misfolding of PrP C In vitro replication of PrP Sc generates infectious material using PrP C from entire brain homogenates, purified mammalian PrP C or recombinant PrP C De novo production of PrP Sc either from mammalian or bacterial origin produces infectious material with novel characteristics
The phenomena of prion strains, species barrier, strain adaptation and prion memory are enciphered in the folding of PrP Sc and can be reproduced during in vitro prion replication In most cases of prion disease, there are no recognizable gross abnormalities in the brain [1] ; however, patients who survive for several years show variable degrees of cerebral atrophy comparable to those observed in other neurodegenerative diseases. Typical neuropathological changes associated with prion diseases include vacuolation of the neuropil in the gray matter, synaptic alterations, prominent neuronal loss, exuberant reactive astrogliosis and a variable degree of cerebral accumulation of prion protein aggregates ( Figure 1 ) [1] . The relative contribution of these changes to brain dysfunction and disease is not well known. Here, we describe the available data regarding the mechanisms of these neurodegenerative changes and their putative role in the disease pathogenesis. Understanding the molecular basis of brain damage might facilitate the discovery of novel therapeutic targets for prion diseases.
The central role of PrP Sc
There is little doubt that the formation and slow but progressive accumulation of PrP Sc in the brain is the triggering factor of neurodegeneration and disease. However, the mechanism by which PrP Sc is involved in the disease pathogenesis is mostly unknown. PrP Sc accumulates in different brain regions as distinct types of deposits depending on the animal species and strains of the agent. The most characteristic patterns of PrP Sc deposition are diffuse accumulations that can be synaptic, patchy/perivacuolar or prominent perineuronal deposits surrounding neuronal bodies and processes [1, 5] . In some cases (such as variant CJD, Kuru and Gerstmann-Sträussler-Scheinker disease), amyloid plaques similar to those typically observed in Alzheimer's disease can be observed [6] .
The loss of a critical biological function of PrP C is one possible mechanism by which PrP Sc formation might result in neurodegeneration [7] . Numerous studies have proposed various functions for PrP C , including a role in neuroprotection, apoptosis, oxidative stress, transmembrane signaling, cell adhesion, myelination, trafficking of metal ions and involvement in synaptic activity (Box 2) [7, 8] . However, there is still no consensus with respect to the biological function of the protein. Nevertheless, compelling evidence coming from studies with PrP null mice indicate that the disease does not result from the loss of physiological function of PrP C [7] . Indeed, permanent or conditional deletion of Prnp in mice does not produce any major phenotype [9, 10] .
Box 2
Putative biological functions of PrP C PrP C is a highly conserved protein in mammals and a many putative cellular functions have been proposed [8, 110] ; however, none of these functions have been convincingly demonstrated. PrP C is located at the cell surface, mostly associated with membrane lipid rafts, where it is attached by a carboxyl-terminal glycophosphatidilinositol anchor. Not surprisingly given its localization in signaling molecule-rich lipid rafts, PrP C has been implicated in a signal transduction pathway leading to neuroprotection [111] [112] [113] . Neuroprotective and antioxidative functions for PrP C are perhaps the most consistent biological activities attributed to the protein [110, 114] . In cell culture, through interaction with known signaling proteins, PrP C might be a cellular receptor for neuroprotective signals [112, 113, 115] . PrP C might also protect against cell death by directly inhibiting Bax-induced apoptosis [114, 116] . This activity depends on the presence of Bcl2 homology domains in PrP, mostly in the region of the third -helix. A possible role of PrP C as a cellular receptor for the amyloid-beta oligomers implicated in Alzheimer's disease has been suggested [117] ; however, this remains controversial [118, 119] .
Another widely studied putative function for PrP C involves the binding and metabolism of copper and other divalent metals [120] . At physiological concentrations, the octapeptide repeat of PrP C binds copper [121, 122] . In animal models, significant changes in the levels of copper have been detected in the brains of scrapie-infected mice before the onset of disease symptoms [123, 124] . Interaction with copper and other metals could also impact the conversion of PrP C to PrP Sc by either modulating directly the conversion or changing the turnover rate of the protein. PrP C might also play a major role in cellular iron uptake and transport [125] . Indeed, changes in iron homeostasis are a common feature of prion infected cells and mouse models.
Studies with PrP knockout mice have not been very useful to determine the function of PrP C , because the removal of the protein produces mild phenotypes. However, the subtle abnormalities in these animals [126] include alterations in neuronal transmission and electrical activity, defective neurogenesis, alterations in circadian rhythm and increased sensitivity to hypoxia, ischemia, and seizures. Ablation of PrP C triggers a chronic demyelinating polyneuropathy in mice [127] ; this phenotype depended on the deletion of the protein from neurons and could be suppressed by neuronal PrP C expression. These results indicate that neuronal PrP C expression might be essential for myelin maintenance.
Another possible mechanism by which PrP Sc formation might be linked to the disease is by direct toxicity of the misfolded protein. This mechanism is appealing considering that several neurodegenerative diseases including Alzheimer's disease, Parkinson's disease, Amyotrophic lateral sclerosis, Huntington's disease and various forms of cerebral ataxia also appear to be caused by the accumulation of misfolded proteins in the brain (Box 3) [11] . Support for the hypothesis that misfolded protein aggregates are neurotoxic comes from observations that the accumulation of the aggregates occurs in areas of the brain most damaged in each of the diseases and from in vitro experiments showing that misfolded oligomers are directly toxic to neurons in culture [11] .
Box 3
Common mechanisms of neurodegeneration between prion diseases and other neurodegenerative disorders
Neurodegenerative diseases are some of the most devastating human maladies, affecting skilled movements, feelings, thinking, cognition and memory. This group of diseases includes highly prevalent disorders such as Alzheimer's disease (AD) and Parkinson's disease (PD), and other less common, such as Hungtinton's disease (HD), spinocerebellar ataxias, Amyotrophic lateral sclerosis and prion diseases. In spite of the important differences in clinical manifestation, neurodegenerative disorders share some common features, including an appearance late in life, extensive neuronal loss and synaptic abnormalities and the presence of cerebral deposits of misfolded protein aggregates [11] . These deposits are a typical disease signature and although in each disease the main protein component is different, they have similar morphological, structural and staining characteristics. Compelling evidence suggests that in all of these diseases, the accumulation of misfolded protein aggregates is the triggering factor in the pathology and leads to atypical brain inflammation, synaptic and dendrite loss and neuronal apoptosis [11] . Moreover, growing evidence indicates that the initiation of the clinical disease might be associated with synaptic damage caused by small oligomeric misfolded proteins. The natural defense mechanisms mounted by the body to combat the pathology also seem similar and include induction of the UPR, inflammatory cascades and autophagy. Strikingly, recent exciting data suggest that various neurodegenerative diseases (such as AD, PD and HD) might be transmissible by infection with the misfolded protein in a similar way as prion diseases [128, 129] . Therefore, the molecular pathways implicated in diverse neurodegenerative diseases are remarkably similar, indicating that knowledge accumulated in one disease could be extrapolated to the other diseases and that common therapeutic strategies might be developed to combat these destructive diseases.
PrP synthetic peptides and more relevantly highly purified PrP Sc from the brain of infected animals induce damage when cells are exposed to sufficient quantities [12] [13] [14] . Incubation of murine neuroblastoma cells with nanomolar concentrations of PrP Sc produces substantial endoplasmic reticulum (ER) stress [13] . In support of these in vitro observations, histological and biochemical analysis of brains from scrapie-sick mice and from humans affected by sporadic and variant CJD revealed ER stress markers in areas with substantial accumulation of PrP Sc [13] . ER stress produced by PrP Sc accumulation during prion infection changes PrP C trafficking, leading to the formation of potentially neurotoxic forms of PrP [15, 16] . The ER is a subcellular compartment that functions in the secretory pathway that synthesizes, modifies and delivers proteins to appropriate subcellular locations [17] . Almost all secreted and membrane proteins, including PrP C , attain their folded conformation in the ER. The correct folding of a protein inside the ER involves proper post-translational modifications such as glycosylation and disulfide bond formation as in the case of PrP C . The ER manages misfolded proteins by either attempting to correct their folding or targeting them for degradation [18] [19] [20] . Sustained and chronic accumulation of misfolded proteins leads to ER stress and the activation of the Unfolded Protein Response (UPR) [18] [19] [20] . UPR consist of three different and parallel mechanisms: (i) translational attenuation to decrease the load of misfolded proteins in the ER; (ii) transcriptional activation of ER resident chaperones (including BiP/(glucose regulated protein) grp78, Protein Disulfide Isomerase, grp94 and grp58) to combat misfolding; and (iii) the activation of ER associated degradation (ERAD) of proteins by directing them to the cytosol for clearance by the 26S proteosome. The UPR protects the ER, but prolonged ER stress caused by the sustained accumulation of misfolded proteins activates cell death pathways [18, 20] .
The concept that neurodegeneration is caused by the formation and accumulation of PrP Sc is probably an oversimplification. Despite a good correlation between PrP Sc accumulation, neurodegeneration and disease in the large majority of the cases, there are rare cases in which disease appear in the absence of detectable PrP Sc [21] and in which abundant PrP Sc deposition is observed with no neurodegeneration or disease [22] . These results suggest that PrP Sc is neither necessary nor sufficient for the disease. However, an alternative explanation is that in rare cases, PrP Sc might have different biochemical properties that make detection difficult or render it not toxic enough to cause disease. These observations could suggest that the replicative and infectious form of PrP Sc is not the same as the neurotoxic form [23] . The most toxic form could be composed of small misfolded oligomers that might not be detectable as PrP Sc by the classical biochemical assays. Alternatively, minor isoforms of PrP Sc , including transmembrane or cytosolic versions of the misfolded protein, could be the neurotoxic species [24, 25] . Another possibility is that PrP Sc subverts or modifies the normal function of PrP C [8, 26] . In this scenario, the biological function of PrP C might be altered by binding to PrP Sc , and for example activate an alternative signal transduction pathway that leads to neurotoxicity rather than neuroprotection. PrP Sc might produce this effect by crosslinking cell-surface PrP C , which induces neuronal apoptosis in vivo [27] , or by binding to and blocking specific functional domains of PrP C .
An issue that has been extensively investigated is whether PrP C needs to be expressed in neuronal cells for apoptosis to occur. Early studies in which neural tissue overexpressing PrP C was grafted into the brain of PrP knockout mice showed that upon prion infection, the grafts accumulated high levels of PrP Sc and developed brain damage characteristic of scrapie [28] . Interestingly, substantial amounts of PrP Sc generated in the grafted tissue migrated into the host brain. However, no pathological changes were seen in PrP-deficient tissue containing PrP Sc [28] . These findings indicate that PrP C expression in neurons is required for brain damage. Additional support for this conclusion came from experiments with PrP conditional knockout mice, showing that the early symptoms and neuropathological alterations induced by prion infection can be reversed upon elimination of PrP C expression [29] . Interestingly, neurodegeneration was reversed despite the persistence of preformed PrP Sc in other brain cells. In a series of interesting experiments, transgenic mice expressing PrP C exclusively in specific cellular types (neurons, astrocytes, lymphocytes and hepatocytes) were challenged with prions. Animals expressing PrP C in neurons alone or in astrocytes alone but not in hepatocytes or T lymphocytes were susceptible to scrapie infection and disease [30] [31] [32] . Finally, recent studies using transgenic mice expressing PrP C not attached to the membrane showed a dissociation between prion replication and toxicity [26] . In hemizygous transgenic mice expressing only anchorless PrP C , large quantities of PrP Sc accumulated in the brain but the animals did not exhibit extensive neurodegeneration or disease [26] . These results suggest that anchoring of the protein to the cell membrane is required for the disease. However, prion infection of homozygous transgenic mice expressing two-fold more anchorless PrP C produced a disease with different behavioral and neuropathological abnormalities, including lack of spongiform degeneration [33] . Interestingly, tissue grafting studies suggested that anchored PrP C expression was required for spongiosis during prion infection.
In summary, PrP C to PrP Sc conversion is a central feature of prion disease and possibly the first abnormality occurring in the disease. Although both PrP C and PrP Sc isoforms have been associated with biological and pathological activities, the exact contribution of the prion protein conversion to the process of brain degeneration is not completely understood.
Brain dysfunction begins at the synapse
Although cell death and spongiform degeneration are cardinal features of prion disease, the first detectable changes appear to be associated with neuronal dysfunction at the synapse [34, 35] . Using a murine model of prion infection, significant impairment of burrowing, nesting and glucose consumption, and increased open field activity were observed months before any detectable neuronal loss [36] . These initial behavioral changes appear concomitantly with PrP Sc deposition and synaptic alterations. The most likely explanation for these results is that the initial stage of prion disease is associated with synaptic dysfunction, possibly induced by PrP Sc accumulation. Indeed, synaptic abnormalities were detected around the time that the first signs of behavioral impairment appeared and long before neuronal death in mice [35, 37] . Studies in knockout mice are also consistent with PrP affecting synaptic function [38, 39] . PrP C is enriched in the synapses of the central nervous system (CNS) and neuromuscular junctions [40, 41] and interacts with proteins involved in synaptic transmission such as synaptophysin [42] . In histological studies, PrP Sc staining is punctuate around the neuronal cell bodies and dendrites, which is almost identical to synaptophysin, suggesting that PrP Sc accumulates in synaptic structures [43, 44] . At early stages of the disease, PrP Sc accumulates in membrane lipid rafts, detaching caveolin and synaptophysin from these membrane domains, which likely impacts synaptic activity [37] . Decreased expression of proteins linked to exocytosis and neurotransmission (such as synaptophysin, SNAP-25, synapsins, syntaxins and Rab3a) in the cerebral cortex and cerebellum have also been reported in cases of sporadic CJD [45] . Collectively, these data suggest that PrP C to PrP Sc conversion could impact the integrity and function of synapses, leading to neurological damage and initiating the clinical disease. Strikingly, in other neurodegenerative diseases associated with cerebral accumulation of misfolded proteins, the initial stage of the disease is also associated with synaptic dysfunction rather than neuronal loss [46] [47] [48] .
Synaptic dysfunction is followed by dendritic loss, with both alterations preceding neuronal death [49] . Dendritic losses correlate with spongiform degeneration in the early stages of prion disease. Although the mechanism responsible for dendritic loss is not clear, it might involve changes in the expression and cleavage of Notch-1 [50] . Increasing the levels of the Notch-1 intracellular domain (NICD) causes dendritic atrophy by inhibiting the growth of dendrites. Interestingly, PrP Sc alters NICD production in animal models of scrapie and in vitro in N2A cells [50] .
Further support for the concept that synaptic dysfunction in the absence of neuronal death is responsible for the early alterations in prion diseases come from a series of studies from Mallucci and colleagues [51, 52] . Using mice where PrP C is deleted exclusively in neurons postnatally, the early neuropathological and behavioral abnormalities associated with the disease were reversed after the expression of the PrP gene was shut down. This occurred despite the accumulation of extraneuronal PrP Sc to levels seen in terminally ill wild-type animals [51] . Thus, the propagation of non-neuronal PrP Sc is not pathogenic. These data suggest that the cause of the neuropathological changes was not an irreversible event, such as the loss of neurons, but was a reversible process, such as synaptic or neuronal dysfunction [53] . These findings are not only important to understand the mechanisms of neurodegeneration but also suggest that early intervention with an effective therapy could lead to substantial recovery of patients.
The intriguing spongiform degeneration
The most typical brain alteration in prion diseases is vacuolation, giving to the brain the appearance of a sponge and hence the name of Spongiform encephalopathies. Spongiform degeneration consists of diffuse or focally clustered, small, round or oval vacuoles in the neuropil of the deep cortical layers, cerebellar cortex or subcortical gray matter, which might become confluent [54] . The spongiform changes arise from the cisternae of the neuronal smooth ER, the astrocytic and presynaptic axodendritic and axosomatic processes [1] . They might also result from the intracellular digestion in the lysosomal compartment. The spongiform changes can be mild, moderate or severe and affect different areas of the brain. The degree and distribution of vacuolation is often used to classify the disease and determine the strain of the infectious agent [55] .
The molecular mechanisms responsible for vacuolation and the significance of spongiform degeneration in prion diseases remain unclear. Spongiosis might result from abnormal membrane permeability and increased water content within neuronal processes [56] . It might also result from autophagy [57] . The accumulation of PrP Sc within the lysosomal compartment in neuronal processes could be the precursor to spongiform changes in TSEs [58] . The involvement of the endosomal-lysosomal system in tissue pathology is consistent with an old observation: vacuolization is suppressed in TSE-infected mink of the Chediak-Higashi genotype, and these animals have abnormalities in their membrane-bound organelles (including lysosomes) and are deficient for lysosomal enzymes [59] . Vacuolation could be a nonspecific spongiform change, occurring secondary to a disruption of axonal transport [60] . Finally, Perry's group argues that spongiform degeneration is an artifact that arises during the fixation and processing of the brain tissue [61] . Indeed, when tissue is stained without fixation, no vacuolation is observed, whereas extensive spongiosis is seen when similar samples are first fixed and paraffin-embedded.
Several studies have analyzed the relationships among PrP Sc accumulation, vacuolization and neuronal death in TSE and have shown temporal and spatial dissociation of these processes [62, 63] . Interestingly, in the Malluci studies with the PrP conditional knockout mice, depleting neuronal PrP C at the onset of disease symptoms reversed spongiosis despite the persistence of substantial PrP Sc deposits in the brain [51, 52] . These findings suggest that vacuolation is independent of PrP Sc accumulation.
Although spongiform degeneration is the most typical brain alteration in TSEs, we know little about its mechanism of origin and the relationship between spongiform degeneration and other neuropathological abnormalities. Much more research is needed to elucidate the molecular basis for the intriguing spongiform brain damage in TSEs.
Atypical brain inflammation
Compared to the extensive and severe inflammatory response observed in some neurological diseases, such as brain injury or multiple sclerosis, prion diseases were not originally associated with brain inflammation. However, it is clear that prion diseases involve widespread glial activation within the brain following prion infection. Thus, today's view is that brain inflammation is prominent in prion disease, but it is unusual because it consists mainly of the activation of astrocytes and microglia with very little or no lymphocyte infiltration [64] . The contribution of inflammation to brain dysfunction and disease onset is however mostly unclear.
The inflammatory response in prion disease occurs mostly via the activation of microglia, which are the immune cells of the CNS that are activated in response to infection or injury. Upon accumulation of PrP Sc deposits, microglia are activated and attracted to the site of injury, sometimes involving migration of the cells within the brain [65] . It is also possible that the accumulation of PrP Sc in peripheral tissues can activate T cells. Activated T cells, unlike naïve T cells, can cross the blood-brain barrier and produce proinflammatory cytokines [66] . Activated T cells can directly recruit and activate microglia. After activation, microglia upregulate certain proteins including complement factors, proteins of the major histocompatibility complex, proinflammatory cytokines and interleukins [67] . If the level of activation of these factors is appropriate, they guide antigen presentation, which promotes phagocytosis and thereby neuroprotection. By contrast, if there is excessive and chronic activation of these factors, the immune system goes into overdrive and produces oxidative stress, which leads to neurotoxicity and subsequently to neurodegeneration. A role for astrocyte activation during prion neuroinflammation has also been reported; astrocytes appear to be regulated by interleukin-1 (IL-1) [68] , which induces astrocyte activation through the CXCR3 ligand. Changes in the expression of some CXC ligands can be detected even in asymptomatic stages of the disease, suggesting that chemokines might play a pivotal role in promoting neurodegeneration in prion diseases [69] .
An important question is whether glial activation is triggered by accumulation of PrP Sc directly or rather by neurodegenerative changes in neurons owing to prion replication. Answering this question is relevant, because it will enable scientists to assess whether inflammation is a cause or a consequence of neuronal degeneration. A recent systems biology study found that genes associated with microglial proliferation and astrocytosis are upregulated after a substantial quantity of PrP Sc is detectable in the brain but well before any signs of disease or neuronal damage are evident [70] . These findings indicate that brain inflammation might be a direct response to PrP Sc . A similar conclusion was obtained by neuropathological time-course studies showing that astrocyte and microglia activation occur many weeks before neuronal loss and coincide with the earliest changes in neuronal morphology [64, 71] . However, despite the time and space correlations, there is no compelling evidence that astrogliosis plays any role in neuronal damage. The in vitro neurotoxic activity of aggregates of the PrP fragment (residues 106-126) is enhanced in the presence of microglia [72, 73] . However, the relevance of these in vitro experiments, working with isolated cells and large concentrations of a nonphysiological peptide, is questionable. Alternatively, activated microglia could play a positive role in removing PrP Sc deposits and thereby slowing down brain degeneration [74] . The possibility that microglia are capable of phagocytizing PrP Sc aggregates has not been carefully evaluated, but spleen macrophages actively participate in the clearance of scrapie inoculum delivered intraperitoneally [75] .
In transgenic mice expressing PrP C only in neurons or in multiple brain cells, intraocular prion infection led to PrP Sc replication and astroglial activation [76] ; however, only transgenic mice expressing PrP C in multiple cells exhibited microglial activation and retinal degeneration. In addition, retinal gliosis and PrP Sc accumulation in these animals preceded retinal degeneration, indicating that the activation of both astrocytes and microglia appeared to be an early response to prion infection [76] .
In summary, in prion diseases as well as other more prevalent neurodegenerative disorders, the inflammatory response is both protective and damaging. It seems likely that both outcomes are possible depending on the extent to which PrP Sc stimulates the production of proinflammatory factors and the severity of inflammation [71] .
Neuronal death as the final killer
Notwithstanding the fact that synaptic dysfunction and dendritic loss appear to be responsible for the onset of the clinical symptoms and that spongiform degeneration and PrP Sc accumulation are the most specific neuropathological alterations, extensive neuronal loss is the main cause of the chronic brain deterioration and the fatal outcome of prion disease. Neuronal death is a prominent feature of all prion diseases and there is a good correlation between the type of clinical symptoms observed in each disease and the brain regions exhibiting the greatest extent of cell death [1] . The mechanisms responsible for neuronal death in prion disease are not well defined but at least two main pathways have been implicated: autophagy and apoptosis. It is also important to highlight that there is increasing evidence that autophagy and apoptosis share several common regulatory elements and mechanisms [77] .
Autophagy
Autophagy is an intracellular degradation system that digests organelles and most long-lived proteins and is also the primary form of nonapoptotic cellular demise [78] . During macroautophagy, cellular organelles and the proteins therein are sequestered in a doublelayered vesicle called an autophagosome. In the cytoplasm, autophagosomes fuse with a lysosome to form an autophagolysosome. The contents inside autophagolysosomes are degraded by lysosomal hydrolases. Autophagy has been implicated in various physiological processes including protein and organelle turnover, stress responses, cellular differentiation and programmed cell death [79] . Autophagy might be a protective mechanism to fight disease at the cellular level through the digestion of misfolded toxic aggregates [80] . Indeed, induction of autophagy by trehalose or lithium significantly reduced PrP Sc in a dose-and time-dependent manner in persistently prion-infected neuronal cells [81, 82] . Conversely, inhibition of autophagy counteracted the antiprion effect of trehalose. These findings provide evidence that the induction of autophagy enhances the cellular degradation of prions [81] . However, dysfunction of autophagy in certain pathological situations can trigger and mediate programmed cell death [78] . Much more research is necessary to understand whether autophagy is primarily a strategy for survival or can also be part of a cell death program.
Autophagolysosomes form vacuoles known as autophagic vacuoles [77] that are present in samples from TSE patients [83] . Based on the presence of large autophagic vacuoles in the cytoplasm of neurons, Liberski and colleagues proposed that autophagy plays an important role in prion disease neurodegeneration and might participate in the spongiform changes apparent in TSEs [83] . More studies are needed to investigate this interesting possibility.
Apoptosis
Several studies in humans and in mouse models of prion diseases (infectious models, hereditary models with mutated PrPs and transgenic models overexpressing wild-type PrP) indicate that neuronal dysfunction and death occur via apoptosis (for references see [84] ).
Apoptosis is a programmed form of cell death that plays a central role during development and homeostasis of multicellular organisms and is also implicated in pathological conditions. The central executioner molecules of apoptosis are a large family of cysteine proteases known as caspases [85] . Based on structural similarities, substrate preference and their role in the apoptotic pathway, caspases have been divided into initiators (such as caspase-8 and caspase-9), downstream executor caspases (such as caspase-3) and inflammatory caspases (such as caspase-1). The activation of caspase-dependent apoptosis can be initiated by the activation of death receptors or by mitochondrial stress. More recently, another apoptotic-regulatory pathway has been described, in which the induction of ER stress, owing to alteration of calcium homeostasis or the accumulation of misfolded proteins, triggers the activation of the ER-resident caspase-12 [86] . In recent years, many reports have linked the ER-stress apoptosis pathway to diverse neurodegenerative diseases related to protein misfolding and aggregation [19] .
Apoptosis induced by aggregated PrP peptide fragments or mutant PrP variants (such as truncated or cytosolic PrP) proceeds via the mitochondrial pathway [87] [88] [89] (Figure 2) . Indeed, important roles for the well-known regulators of the mitochondrial apoptosis pathway Bcl2 (B-cell lymphoma protein 2) and Bax (Bcl-2-associated × protein) have been reported [88, 90] . However, two studies showed that neither Bax deletion nor Bcl-2 overexpression decrease neuronal death induced by prion infection or alter the progression of prion disease in animals [91, 92] . These findings suggest that apoptosis in prion disease might be induced by mechanisms other than the mitochondrial pathway.
Neurons exposed to purified PrP Sc exhibit extensive ER stress, resulting in the rapid release of calcium to the cytoplasm and the activation of the UPR (Figure 2 ) [93] . The upregulation of caspase-12 (caspase-4 in humans) in vitro and in the brain of prion infected mice and patients with sporadic and variant CJD has been observed [13] . Caspase-12 normally resides on the ER membrane; however, upon activation, it translocates to the cytoplasm where it cleaves downstream caspases [93] . Caspase-3 is also activated in prion-infected cultured cells and the brains of diverse animals and humans affected by TSE [13] . Although caspase-12 and caspase-4 are involved in ER-stress mediated apoptosis, the upstream events leading to their activation are not clear. However, the role of caspase-12 mediated apoptosis in prion disease has been questioned by a recent study showing that caspase-12 deletion did not change the progression of the disease in vivo [94] .
Disruption of calcium (Ca 2+ ) homeostasis in the cell is probably the most adverse and immediate effect caused by ER stress (Figure 2 ) [95] . In neurons, the effect of calcium is particularly deleterious, because Ca 2+ waves are important for neuronal activity [95] . Ca 2+ is a second messenger in cellular signaling pathways; thus, maintaining a specific concentration of Ca 2+ in the cytoplasm is critical for normal cellular biology. The ER is the main site for intracellular storage of Ca 2+ . The presence of misfolded proteins can result in an increase in cytoplasmic Ca 2+ owing to ER stress. The release of calcium from the ER to the cytoplasm occurs when cells are exposed to misfolded prion protein [13, 96, 97] . Indeed, Ca 2+ release appears to be one of the first changes after prion infection in cells. Increased Ca 2+ in the cytoplasm deregulates downstream targets including calcineurin (CaN), a type 2B phosphatase [98] . The activity of this enzyme is regulated by the Ca 2+ -calmodulin complex. Optimal activity of CaN is required to maintain the proper phosphorylation state of protein targets, such as the apoptosis inducer Bad, or the transcription factor CREB. Hyperactivation of CaN reduces the phosphorylation of Bad, which then disassociates from the scaffolding protein 14-3-3 and interacts with Bax to form channels in the mitochondrial membrane [99] . As a result, cytochrome C is released into the cytoplasm, leading to caspase activation and finally apoptosis. CREB, which is dephosphorylated by hyperactivated CaN, cannot translocate to the nucleus where it regulates the expression of genes required for synaptic plasticity [100] . CaN activation is implicated in neuronal death induced both by PrP Sc and PrP synthetic peptides [101, 102] . Moreover, CaN activity increases in the brain at the beginning of the symptomatic phase of prion disease [101] . Strikingly, blocking CaN activity in sick prion infected mice increases animal survival, decreases the progression of deterioration and reduces neurodegeneration [101] . These data support the idea that PrP Sc produces synaptic damage and neuronal death in TSEs through ER stress, changes in calcium homeostasis and the induction of CaN activity (Figure 2 ).
In summary, alternative apoptotic pathways operate simultaneously in the brains of animals with prion disease. This could explain why elimination of one route to apoptosis by gene knockout does not alter the progression of the disease substantially. It is also possible that neuronal death is not contributing much to prion disease pathology. A detailed understanding of the exact contribution of neuronal death to prion disease awaits further investigation.
Concluding remarks
Multiple mechanisms for neurodegeneration have been proposed for prion diseases including synaptic damage, dendritic atrophy, vacuolization, autophagy, microglial activation, oxidative stress, the accumulation of misfolded aggregates, ER stress and apoptosis. The absolute mechanism still remains obscure. It is possible that multiple mechanisms contribute to the pathology of prion diseases, culminating in progressive neurodegeneration, rapid clinical deterioration and death.
Although several reports have proposed that PrP Sc directly induces cell death, synaptic damage, astrogliosis and spongiform brain degeneration, it is likely that these neurodegeneration pathways are tightly interconnected. In order to understand the relationship between PrP Sc deposition and the characteristic neuropathological changes observed in prion diseases, several murine scrapie models have been analyzed in terms of the temporal and spatial relationship among the various neurological abnormalities [103] [104] [105] [106] . Based on the available data, we propose a model (Figure 3 ) in which the primary abnormality is the formation and accumulation of PrP Sc , first in peripheral tissues and later in the brain. The initial formation of PrP Sc , either by template conversion upon infection or spontaneous misfolding during sporadic and inherited cases of the disease, begins a long and silent presymptomatic period in which PrP Sc accumulates progressively. PrP Sc accumulation leads to ER stress and activation of the UPR as a defense mechanism to combat protein misfolding through reduction of overall protein expression and upregulation of various chaperones. Chronic ER stress can directly cause neuronal death and possibly spongiform degeneration. Brain inflammation in the form of reactive astrocytes and activated microglia also begins during the presymptomatic phase and likely begins as a protective mechanism to remove misfolded aggregates. Less clear is when autophagy occurs, but it might also be launched initially as a mechanism to remove protein aggregates and damaged cells. Both inflammation and autophagy become chronic, they could also contribute to neuronal death and perhaps brain vacuolation. If the body cannot reduce and control PrP Sc formation and the misfolded aggregates accumulate to high levels, several degenerative process manifest. From the point of view of the clinical disease, the most important consequence of PrP Sc might be the induction of synaptic alterations, which are likely responsible for the initial disease symptoms. At this early stage, the disease process might be reversible if the neurological abnormalities can be halted. Progressive synaptic dysfunction leads to dendritic loss, which might be sufficient to induce neuronal death. Extensive neuronal death produced by diverse pathways as well as profuse vacuolization of the brain are likely responsible for the severe clinical deterioration typical of the end stage of the disease, which often results in the death of the individual (Figure 3 ).
The intricate pathways contributing simultaneously to brain dysfunction pose a challenging, and so far insurmountable, problem for developing a treatment for the disease. Currently there is no therapy available and the disease is inevitably fatal. Assuming that the conversion of PrP C into PrP Sc is the key event triggering the rest of neurological abnormalities, a logical therapeutic target would be to prevent PrP misfolding and prion replication. This approach has been extensively investigated and some compounds have been identified that decrease prion replication and delay the onset of the disease in animal models [2, 107, 108] . However, in general these compounds produce benefit only when administered during the presymptomatic stage of the disease. It is likely that compounds interfering with prion replication would have little or no benefit to patients with already established clinical disease, because by the time clinical symptoms appear, there is substantial brain damage. Treatment aimed at patients with established symptoms of prion disease would need to attack the cellular pathways implicated in brain damage. Therefore, a complete understanding of the underlying mechanisms of neurodegeneration is extremely important to identify relevant targets for intervention (Box 4). From our current knowledge of the molecular basis of prion-induced neurodegeneration, strategies boosting the natural defensive pathways (UPR, brain inflammation, autophagy) or inhibition of the most damaging processes (synaptic loss, spongiform degeneration and neuronal death) might have therapeutic benefit.
Box 4
Outstanding questions
Is PrP Sc accumulation necessary and sufficient to cause neurodegeneration and disease?
What is the nature of the neurotoxic PrP Sc form and is there any structural difference between the infectious and toxic PrP Sc species?
Is PrP C expression in neurons required for brain degeneration?
What is the mechanism of spongiform brain degeneration and role in the pathogenesis?
Is brain inflammation protective or detrimental in prion diseases?
Is synaptic dysfunction the main cause of the initial clinical symptoms of prion disease?
Does autophagy play a role in prion neurodegeneration? Is it protective or detrimental?
What is the exact contribution of neuronal death to prion disease?
Which of the neurodegeneration pathways are the best targets for therapeutic intervention? [91] and the structure of PrP Sc corresponds to a model based on low resolution techniques [92] . (b) Abnormalities in the brain of infected individuals include the accumulation of PrP Sc deposits, synaptic damage and dendrite loss, spongiform degeneration, brain inflammation and neuronal death. PrP Sc deposition was determined after immunohistochemical staining with anti-PrP antibodies (black arrow heads). Dendrites were labeled by Golgi-silver staining to illustrate the substantial decrease on dendrites and synaptic connections in prion infected animals; this picture was reproduced from ref [130] with authorization (Copyright National Academy of Sciences, USA). Spongiform degeneration was evaluated after hematoxylin and eosin staining. Astrogliosis (brain inflammation) was detected by immunohistochemical staining of reactive astrocytes with an anti-GFAP (Glial fibrillary acidic protein) antibody. Apoptosis was detected by staining with caspase-3 antibody (red indicated by white arrow heads) and DAPI (4′,6diamidino-2-phenylindole, blue) staining of nucleus. For each stain, pictures from prion infected (upper) and controls (lower) are shown.
Figure 2. Putative signaling pathways for PrP Sc -induced neurodegeneration in prion diseases
Several mechanisms have been proposed by which PrP C to PrP Sc conversion results in neurodegeneration. PrP Sc might produce mitochondrial stress, leading to apoptosis by the well-known pathway involving translocation of the proapoptotic proteins Bax and Bad and the release of cytochrome C, which forms the apoptosome [85] . Formation of this complex activates caspase-9, which in turn activates the executor caspase-3. An alternative model implicates sustained ER stress [93] . Chronic ER stress results in the activation of the ERresident caspase-12 (caspase-4 in humans), which in turn cleaves and activates caspase-3 [13] . Another proposed mechanism by which ER stress leads to neurodegeneration involves hyperactivation of the phosphatase calcineurin owing to extensive calcium release from the ER. Activated calcineurin dephosphorylates several important proteins, including the transcription factor CREB and the proapoptotic protein Bad, resulting in synaptic damage and neuronal death. Several or all of these pathways and perhaps others (such as autophagy or neuronal death induced by synaptic and dendritic loss) could be operating simultaneously in the brain of prion-infected individuals, which would explain why knocking out one specific signaling pathway does not substantially change the progression of the disease.
Figure 3. Schematic model of neurodegeneration in prion diseases
The disease process starts with the formation of PrP Sc , beginning a long and clinically silent presymptomatic phase, in which PrP Sc slowly but gradually accumulates in the brain. PrP Sc accumulation triggers ER stress and activation of the UPR, which represents the first line of defense against protein misfolding. Other early consequences of PrP Sc accumulation are brain inflammation (in the form of astrocytosis and microglial activation) and autophagy. Both inflammation and autophagy might initially be defensive mechanisms, but later could also contribute to neuronal death and perhaps brain vacuolation. The first damage leading to noticeable clinical consequences is likely synaptic disruption, ending the presymtomatic phase and beginning the early clinical phase of the disease. Synaptic dysfunction produces loss of dendrites and finally neuronal death. The end and irreversible stages of the disease are characterized by massive spongiform degeneration and neuronal death, which likely are triggered by a variety of interconnecting cellular pathways.
